Abstract. Comparing the apparent oxygen utilization (AOU) and apparent CFC tracer ages (τ) between extensive decadal re-observation data along 47˚N ('85-'99) and 165˚E ('87-'00) lines, we found that both AOU and τ markedly increased over the North Pacific between 26.4 -27.4 σ θ . The observed AOU increase was almost consistent with the AOU increase calculated from observed change of τ. Based on a linear trend of increasing AOU over 30 years ('68-'98) in the subpolar region [Ono et al., 2001] , we concluded that the formation rate of the subsurface water in the North Pacific has continuously reduced at least during the last fifteen years. In the North Pacific, the recent uptake rate of oceanic anthropogenic carbon was also estimated as reduced by as much as 10% from the efficiency of anthropogenic carbon absorption in the middle of 1980s.
Introduction
To evaluate the behavior of oceanic anthropogenic carbon, oceanic physical and biological conditions have been assumed to be constant over time in both recent observational based approaches and model calculations [e.g., Sarmiento, 1992; Gruber, 1998 ]. However, it is possible that the recent physical and biological conditions have changed due to the artificial greenhouse warming effects and/or the natural climate change. A model calculation by Sarmiento et al. [1998] suggested that decrease of water ventilation rates was remarkably caused by change predicted a response to global warming in the future. They also suggested that the effect might already be occurring in the region forming the large water mass such as the North Atlantic and the Southern Oceans. Thus we need to determine whether these oceanic conditions alter or not on decadal and/or centennial time scales not just on seasonal and annual time scales based on observational data.
The North Pacific is the major end point of the conveyer belt of deep water masses produced in both the North Atlantic and the Southern Oceans [Broecker and Peng, 1982] , while its subpolar region is the only area forming an southward intermediate water mass in the North Pacific [e.g., Yasuda, 1997] . The subpolar region is also an important area of oceanic uptake of anthropogenic carbon over the North Pacific [e.g., Tsunogai et al., 1993] . The structure of water masses in the North Pacific is simpler than that in the Atlantic and the Southern Oceans [e.g., Reid, 1965; Favorite et al., 1976] . Thus in the North Pacific, there is a higher probability that we can find evidence of changes in physical and biological conditions with the climate change.
Decadal trends of water temperature warming, lower salinity and AOU increase were reported at the ocean fixed observational points in the North Pacific subpolar region during the last some decades [e.g., Whitney and Freeland, 1999; Ono et al., 2001] . In some observational cross points between 1970s and 1990s in the North Pacific, the decrease of AOU within 5 µmol kg -1 has also been reported around 27.4 σ θ while the significant change of AOU was not found in the upper layer [Keller et al., 2001] . On the other hand, in the upper layer of the North Pacific eastern subtropical region along 152˚W, Mecking et al. [1998] and Emerson et al. [2001] also showed that both AOU and CFC tracer age increased by about 25 % during the last two decades. However, the extent of oceanic change that has occurred with climate change over the North Pacific is still not clear.
In the middle of 1980s, two extensive observations were carried out with the oceanic physical and chemical parameters along the 47˚N line in 1985 [WHPO, 2000] and the 165˚E line in 1987 [Wisegarver et al., 1993] to clarify the detailed structure of the water masses in the North Pacific. In 1999 and 2000, we thus revisited the same observational lines as those in the middle of 1980s, and observed the same oceanic parameters as those in the middle of 1980s to examine any decadal changes in the oceanic conditions in the North Pacific.
Data and Method
On the R/Vs Kaiyo-Maru, Mirai and Hakurei-Maru No.2, hydrographic data were obtained along 47˚N from May to August in 1999 [SAGE, 2000] and 165˚E from September to November in 2000 [Watanabe and Shimamoto, 2001] . Sampling and measurement methods for each observed property (water temperature, salinity, AOU, CFC11 and CFC12) throughout the observation periods were based on the WHP manual [WHPO, 2000] . These were the same procedures as the previous those in the middle of 1980s. Data of each property were linearly interpolated and compared to those in the middle of 1980s by using an isopycnal grid analysis such as averaged on 1˚ x 0.1 σ θ grid (Figure 1 ). Estimating the difference of AOU between each cruise based on the deep water data sets below 27.6 σ θ , these were within 1 µmol kg -1 and 4 µmol kg -1 for 47˚N and 165˚E lines, respectively. Thus we used the change of AOU of more than 5 µmol kg -1 without any correction of the offsets in this study.
Results
In both observational lines, significant AOU increased above 27.4 σ θ during the last fifteen years in the whole area (Figure 1a) , while the depth of the isopycnal surfaces did not varied significantly (Figure 1 ). In the subpolar region along 47˚N, AOU increase was extensively found above 40 µmol kg -1 and it agreed with the results of Emerson et al. [2001] in the eastern side of the subpolar region. The isolines of AOU increase generally decreases with depth and southward while the extend of AOU increase in the western subtropical region was about twice as that in the eastern side [Emerson et al., 2001] . The change of AOU below 27.4 σ θ was almost within ± 5 µmol kg -1 that was consistent with the result of Keller et al. [2001] . CFC11 and CFC12 tracer ages (τ) also increased with the same trend as AOU increase. Below the winter mixed surface layer, the change of τ increased up to about 10 years ( Figure 1b) 
Discussions
The vertical diffusion and the isopycnal horizontal mixing of water masses usually make τ old only with 1 ~ 4 years during the last fifteen years [e.g., Yamanaka et al., 1998 ]. Especially, most of these effects would occur only in the subpolar region forming the intermediate water in the North Pacific. In the other region except the subpolar region, however, a significant increase of τ of more than 4 years was extensively found over the North Pacific. It is difficult to explain the increase of τ by only the diffusion and mixing effects. Therefore, our results suggested that the extensive remarkable increase of τ was caused by not diffusion and isopycnal mixing of water masses but by a reduction of the formation rate of the water mass. In other words, it is possible that the formation rate of the water mass produced in this subpolar region has weakened during the last fifteen years.
The increase of AOU inventory in the water column ( ∆AOU dz) was estimated from 12 to 30 mol-O 2 m -2 (average: 18 mol-O 2 m -2 ) in the subpolar region. From a previous study, an export flux of biological organic carbon from the mixed layer (F) was estimated to be 10 ~ 30 g C m -2 year -1 in this region (a weighted mean: 15 g C m -2 year -1 ) [Berger et al., 1987] . Considering this estimation with the increase of τ and the stoichiometric ratios for carbon to oxygen (R O2/C ) [Redfield et al., 1963] and using the equation of ∆AOU dz = ∆τ·R O2/C ·F/12, the increase of AOU inventory during the last fourteen years was expected from 11 to 33 mol-O 2 m -2 (a weighted mean: 16 mol-O 2 m -2 ). This value agrees with the observed ∆AOU dz. The AOU increase along 165˚E also almost balanced with the increase calculated from τ increase with the export flux of organic carbon. In other words, if biological activity changed with the water transport rate to be constant over time during the last fifteen years, the recent biological activity has to be more than ten times than that in the middle of 1980s in the North Pacific. The biological activity over the North Pacific has not significantly changed and the export flux of organic carbon from the surface mixed layer has been constant over time in the last fifteen years in the North Pacific, while some studied reported local biological changes [e.g., Sugimoto and Tadokoro, 1997; Schell, 2000] . The balance of AOU increase and τ increase in this study indicates that the formation rate of the water mass has weakened in the North Pacific.
Ono et al. [2001] found a linear trend of increasing AOU and phosphate with a bi-decadal oscillation over 30 years from 1968 to 1998 time series data from 26.7 to 27.2 σ θ in the westernmost North Pacific subpolar region. The increase rate of AOU from 0.6 to 1.3 µmol kg -1 yr -1 agrees with our values (Figure 1c ). This suggests that the reduction of the formation rate of the water mass in the North Pacific subpolar region has continuously occurred at least during the last fifteen years, and its effect has spread over the North Pacific, which significantly affects the cycles of oceanic chemical parameters. Watanabe et al. [2000] proposed an approach to estimate the rate of increase of the oceanic anthropogenic carbon inventory and the uptake rate (∆U) by using the CFC dating technique with the assumption that water transport was constant over time. Here applying this approach to the 47˚N and 165˚E line data in the middle of 1980s and the end of 1990s, and comparing ∆U calculated in the 1980s with that in the 1990s, we can estimate the efficiency of absorption of anthropogenic carbon (EF) in the North Pacific between 1980s and 1990s because we already obtained the τ increase shown in the Figure 1b . While each ∆U increased from the middle of 1980s to the end of 1990s with the increase of atmospheric CO 2 content (Figure 2a) , EF expected from the data in the end of 1990s was reduced by 10% from that in the middle of 1980s over the whole area (Figure 2b) . Sarmiento et al. [1998] suggested that the artificial greenhouse warming effect might already be occurring in the region forming the large water mass such as the North Atlantic and the Southern Oceans. We here found that the reduction of the efficiency was already occurring in the North Pacific where is not a region forming the large water masses such as the North Atlantic and Southern Oceans. From these results, we may hypothesize that there is a high probability that similar reduction in EF already occurs in both the North Atlantic and the Southern Oceans. Recent atmospheric O 2 and δ 13 C data also indicate that EF over the whole ocean in the 1990s had reduced from that in the 1980s [Battle et al., 2000] .
Unfortunately, based on our present study, it is difficult to clarify whether the reduction in EF was caused by the artificial greenhouse warming effects and/or the natural climate change. However, this finding indicates the necessity for reevaluation of the anthropogenic carbon input from the preindustrial period to the present, and the future prediction of EF. year -1 ) along 47˚N and 165˚E lines in the North Pacific. These estimations were calculated by subtracting the 1980s data from the 1990s data. Left and Right panels show the results along 165˚E and those along 47˚N, respectively. τ was also calculated from the observed CFC11 data normalized to SIO '93 scale, the solubility function of CFC11 [Warner and Weiss, 1985] and the time history of atmospheric pCFC11 [Walker et al., 2000] . Winter mixed layer was estimated as the difference of 0.1 σ θ from the ocean surface, based on the density calculated by winter water temperature and salinity data of Levitus [1994] . Δτ calculated from CFC11 of less than 0.5 pmol kg -1 was not estimated because it is possible that the effect of the vertical diffusion of water mass might significantly affect Δτ. The absolute average values for the changes of isopycnal surfaces during the 1980s and 1990s were as follows: 23 ± 63 m (26.0 σ θ ), 16 ± 58 m (26.2 σ θ ), 29 ± 50 m (26.4 σ θ ), 38 ± 50 m (26.6 σ θ ), 24 ± 52 m (26.8 σ θ ), 17 ± 55 m (27.0 σ θ ), 17 ± 56 m (27.2 σ θ ), 18 ± 64 m (27.4 σ θ ).
Figure 2.
Comparison of the efficiency in the total uptake rate of oceanic anthropogenic carbon over the subpolar and western North Pacific region. (a) The uptake rate of oceanic anthropogenic carbon (∆U). Open circles are the uptake rates predicted from τ in the middle of 1980s. Solid Circles are those calculated from τ in the end of 1990s. According to Watanabe et al. [2000] , ∆U were estimated as follows: ∆U = a· ρ∆C (anth)(∆t) dt = a· ρ[{C eq(t+∆t) (S, T, TA 0 (S) , fCO 2(t+∆t-τ) -C eq(t) (S, T, TA 0 (S) , fCO 2(t-τ) )}/∆t]dt; where ∆C (anth)(∆t) and C eq are the rate of increase of the anthropogenic carbon content during any period (∆t) after the pre-industrial period, and the oceanic carbon content at the air-sea equilibrium condition, respectively. We here used 10 years as ∆t of this approach to determine ∆C (anth)(∆t) . a, ρ, S, T, TA 0 , fCO 2 and t are also, respectively, the area, density, salinity and potential temperature, the preformed total alkalinity, the fugacity of atmospheric CO 2 , and the sampling date. See Watanabe et al. [2000] on the details. If the water transport is constant over time during any period (i. e., ∆τ = 0), ∆U expected from the 1990s data is consistent with that from the 1980s data. Comparative data between the middle of 1980s and the end of 1990s surveys of the (a) ΔAOU (µmol kg -1 ), (b) Δτ (year) and (c) annual averaged increase rate of AOU (µmol kg -1 year -1 ) along 47˚N and 165˚E lines in the North Pacific. These estimations were calculated by subtracting the 1980s data from the 1990s data. Left and Right panels show the results along 165˚E and those along 47˚N, respectively. τ was also calculated from the observed CFC11 data normalized to SIO '93 scale, the solubility function of CFC11 [Warner and Weiss, 1985] and the time history of atmospheric pCFC11 [Walker et al., 2000] . Winter mixed layer was estimated as the difference of 0.1 σ θ from the ocean surface, based on the density calculated by winter water temperature and salinity data of Levitus [1994] . Δτ calculated from CFC11 of less than 0.5 pmol kg -1 was not estimated because it is possible that the effect of the vertical diffusion of water mass might significantly affect Δτ. The absolute average values for the changes of isopycnal surfaces during the 1980s and 1990s were as follows: 23 ± 63 m (26.0 σ θ ), 16 ± 58 m (26.2 σ θ ), 29 ± 50 m (26.4 σ θ ), 38 ± 50 m (26.6 σ θ ), 24 ± 52 m (26.8 σ θ ), 17 ± 55 m (27.0 σ θ ), 17 ± 56 m (27.2 σ θ ), 18 ± 64 m (27.4 σ θ ).
Comparison of the efficiency in the total uptake rate of oceanic anthropogenic carbon over the subpolar and western North Pacific region. (a) The uptake rate of oceanic anthropogenic carbon (∆U). Open circles are the uptake rates predicted from τ in the middle of 1980s. Solid Circles are those calculated from τ in the end of 1990s. According to Watanabe et al. [2000] , ∆U were estimated as follows: ∆U = a· ρ∆C (anth)(∆t) dt = a· ρ[{C eq(t+∆t) (S, T, TA 0 (S) , fCO 2(t+∆t-τ) -C eq(t) (S, T, TA 0 (S) , fCO 2(t-τ) )}/∆t]dt; where ∆C (anth)(∆t) and C eq are the rate of increase of the anthropogenic carbon content during any period (∆t) after the pre-industrial period, and the oceanic carbon content at the air-sea equilibrium condition, respectively. We here used 10 years as ∆t of this approach to determine ∆C (anth)(∆t) . a, ρ, S, T, TA 0 , fCO 2 and t are also, respectively, the area, density, salinity and potential temperature, the preformed total alkalinity, the fugacity of atmospheric CO 2 , and the sampling date. See Watanabe et al. [2000] on the details. If the water transport is constant over time during any period (i. e., ∆τ = 0), ∆U expected from the 1990s data is consistent with that from the 1980s data. (b) A percentage of ∆U expected from the data in the end of 1990s to ∆U expected from the data in the middle of 1980s in each region (EF). We assumed that the results along 47˚N and 165˚E represented those in the subpolar region and those in the western North Pacific region, respectively. A dash line is ∆U predicted from the data in the middle of 1980s in each region to be 100%. Vertical lines with plots are the 90 % confidence interval of standard deviations derived from the spatial distribution of ∆U. (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) '80s (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) '90s (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) in the middle of 1980s in the endof 1990s (a) Watanabe et al., Fig.2 
